Detecting metabolites and parent compound within a cell type is now a priority for pharmaceutical development. In this context, three-dimensional secondary ion mass spectrometry (SIMS) imaging was used to investigate the cellular uptake of the antiarrhythmic agent amiodarone, a phospholipidosis-inducing pharmaceutical compound. The high lateral resolution and 3D imaging capabilities of SIMS combined with the multiplex capabilities of ToF mass spectrometric detection allows for the visualization of pharmaceutical compound and metabolites in single cells. The intact, unlabeled drug compound was successfully detected at
therapeutic dosages in macrophages (cell line: NR8383). Chemical information from endogenous biomolecules was used to correlate drug distributions with morphological features. From this spatial analysis, amiodarone was detected throughout the cell with the majority of the compound found in the membrane and subsurface regions and absent in the nuclear regions.
Similar results were obtained when the macrophages were doped with amiodarone metabolite, desethylamiodarone. The FWHM lateral resolution measured across an intracellular interface in a high lateral resolution ion images was approximately 550 nm. Overall, this approach provides the basis for studying cellular uptake of pharmaceutical compounds and their metabolites on the single cell level.
In pharmacology, it is often assumed that the drug concentration at the effector site is equivalent to the serum concentration. 1 However, this is often not the case, as factors such as cellular uptake, sequestering and accumulation can affect the amount of drug that reaches the target site and skews the dose-response dynamic. In a recent review, 2 it is highlighted "that many drug targets are intracellular... [ and therefore] to predict the pharmacological effect accurately, there must be data concerning the concentration at the target" and that "knowledge of the drug concentration at its site of action within cells is becoming increasingly important in pharmacology and therapeutics."
Consequently, the ability to analyze drug compounds in the complex cellular environments is a priority for modern pharmaceutical research. Indeed, evaluating drug uptake on the single cell level would provide new opportunities in drug development by evaluating more precisely the doseresponse behavior of individual cells.
Mass spectrometry imaging (MSI) techniques are well-suited for analyzing drug distributions in biological materials. The method has the advantage of being label-free and capable of multiplexed analyzes when coupled to a ToF mass analyzer. The parallel detection of the drug compound and the local endogenous chemistry permits the correlation of drug distributions with respect to morphological features. MALDI and DESI are currently the main MSI methodologies used by pharmaceutical companies, these methods have been successfully employed to investigate drug distributions in tissues. [3] [4] [5] [6] Unfortunately these methods do not have the lateral resolution to achieve sub-micrometer imaging, however, it is worth noting that recent technological advances in the field of MALDI has improved the lateral resolution to a few micrometers, thus allowing the visualization of large cells and organelles. [7] [8] [9] In this context, 3D ToF-SIMS imaging is a potentially powerful analytical platform for the pharmaceutical industry. SIMS has been successfully applied to investigating drug distribution in medical devices 10 and various drug delivery systems. 11,12 The sub-micron lateral resolution and nanometer depth resolution of SIMS opens the possibility for three-dimensional molecular imaging of pharmaceuticals at the single cell level. [13] [14] [15] [16] [17] Although, sensitivity and matrix effects have limited the role of SIMS in pharmacology, technological advancements, particularly the advent of cluster ion sources, have improved the technique's sensitivity. 18, 19 The advantage of cluster sources is two-fold; as an analysis beam cluster sources improve molecular ion yields and as a sputtering beam, they reduce damage accumulation allowing the molecular ion sensitivity to be maintained throughout the sample. With these advances, as demonstrated here, the use of SIMS in the analysis of pharmaceutical compounds and their metabolites in single cell is now achievable.
In this report, 3D ToF-SIMS imaging was used to successfully detect the anti arrhythmia drug compound amiodarone and its metabolite, desethylamiodarone, in single macrophages. The intact molecular ion of the target drug compound amiodarone, m/z 646.0, was detected throughout the cell. The majority of the compound signal was observed in the surface and subsurface regions of the cell. Although the molecular ion signal intensity dissipates with depth, the signal of the molecular ion is still observed above a signal-to-noise (S/N) level of 3 throughout the analysis.
Overall, this study demonstrates the potential of ToF-SIMS as a bio-analytical method for the analysis of cellular uptake of drugs and metabolite at the single cell level.
Experimental Methods
Cell culture. NR8383 cells, an immortalized cell line derived from a lung macrophage (SpragueDawley rat), were grown on Nunc Lab-Tek II Chamber slides (Thermo Scientific, USA) with Ham's F-12 Nutrient Mixture medium containing GlutaMax and Phenol Red (Gibco, USA) and 15 % dialyzed, heat-inactivated fetal bovine serum (Gibco, USA). 5 mg/mL stock solutions of amiodarone hydrocholoride (Sigma-Aldrich, CAS 19774-82-4, purity ≥ 98 %) and N-desethylamiodarone hydrochloride solution (Sigma-Aldrich, CAS 96027-74-6) were prepared in 50:50 water/ MeOH.
The stock solutions were added to the growth medium for a final medium concentration of 1.56 µg/mL. The cells were incubated (5 % CO 2 and 37 • C) in the drug or metabolite doped medium solution for 72 hrs. Control cells were incubated alongside the doped cells.
Freeze-drying procedure. The medium was removed and the cells were washed three times with 150 mM ammonium formate solution (pH-balanced, Sigma-Aldrich, USA). 20 Excess liquid was removed and the cells were frozen using a CoolSink XT 96F plate (BioCision, USA) at -80 High mass resolution ion images were collected over a surface area of 125 µm x 125 µm using a pulsed analysis beam (pulse width = 23 ns, mass resolution (m/∆m) at m/z 646 ∼3400). At 256 x 256 pixels per image, the pixel width was 0.5 µm. Each image was obtained with a final ion dose of 2.2 x 10 12 primary ions/cm 2 . The dose was kept below the static limit of the 10 13 primary ions/cm 2 to minimize surface damage. After recording each image, the sample was eroded with a sputter beam with an Ar High lateral resolution ion images were collected over a surface area of 50 µm x 50 µm using a pulsed analysis beam (pulse width = 100 ns, mass resolution (m/∆m) at m/z 127 ∼ 335). At 256 x 256 pixels per image, the pixel width was 0.2 µm. Each image was obtained with a final ion dose of 6.5 x 10 11 primary ions/cm 2 . After recording each image, the sample was eroded with a sputter beam with an Ar + 2000 ion dose of 3.9 x 10 13 ions/cm 2 .
All image analyzes were performed using ION-TOF SurfaceLab (Version 6.3, ION-TOF, Mün-ster, Germany) and MATLAB 2014a. Individual cells were outlined with a polyline tool using the total ion count image and pixels above the threshold (25% of the total ion counts) were selected as regions of interest (ROI). Chemical structures were drawn in ChemDraw 14.0. The high lateral resolution imaging experiments were collected in the negative secondary ion mode. Image lateral resolution measurement were obtained by plotting the ion intensities for the various analytes across an intracellular features. The linescans were fitted with a error function and the FWHM lateral resolution was measured. 21, 22 Results and Discussion Amiodarone [KEGG drug: D02910] is an effective Vaughan-Williams class III antiarrhythmic medication (potassium channel blocker) known to delay repolarization in the smooth muscle cell in the heart, resulting in heartbeats with prolonged action potential durations and refractory periods. 23 Unfortunately, the therapeutic value of amiodarone is diminished by adverse and potentially dangerous side effects. 24 In clinical studies, the concentration of amiodarone in serum was correlated to therapeutic and toxic effects in patents. 25 For patients with amiodarone serum concentrations below 1 µg/mL, the effectiveness of the drug as an anti-arrhythmia agent was reduced.
While, patients with amiodarone serum concentrations above 2.5 µg/mL often experience adverse reactions. Long-term usages of amiodarone leads to drug induced phospholipidosis, a lysosomal storage disorder characterized by the prevalence of "foamy" or lipid-laden macrophages.
Although the link between foamy macrophages and drug-induced toxicity is unclear, the impairment of cellular functions and the accumulation for lipids in macrophages has been the subject of numerous investigated. [26] [27] [28] [29] Amiodarone is a cationic amphiphilic drug whose hydrophobic domain allows it to cross the lipid membrane, including that of the lysosome. Inside the acidic environment of the lysosome, amiodarone is hydrolyzed. 28 It is speculated that the drug accumulates in the lysosome, as it is unable to re-cross the membrane in the hydrolyzed state, and inhibits the degradation of phospholipase A, a protein responsible for lipid catabolism. 29 As a result, phospholipids and drug accumulate in the lysosomes and impairs cellular functions. Although the inhibition of late stage endosomal processes has been shown to suppresses virus activation 30 (e.g. SARS), a attribute that may broaden the therapeutic application of amiodarone, without a clear understanding of the drug's role in organ-based toxicity, the therapeutic value of amiodarone is limited.
Lipid accumulations in foamy macrophages are visible with histological staining and light microscopy and are also detected as lamellar inclusion bodies with electron microscopy. It is important to note, that these detection methods do not provide information on the presence of the drug, but only detect the morphological changes caused by the drug. Therefore, a method, such as SIMS, with the ability to directly detect the drug compound inside individual cell may provide clues as to its potential toxicity.
In this investigation, the intact protonated molecule, [M+H] + , of the drug compound amiodarone, C 25 H 29 I 2 NO 3 , was detected at m/z 646.0 in the drug-doped lyophilized macrophages (see Figure 1A) . The peak and isotope pattern was in agreement with the reference spectrum and theoretical isotope pattern for amiodarone (see Supporting Information, Figure- Figure 1E . The intracellular interface between the ribose and drug signal was fitted with a error function (erf). Assuming that the lateral resolution is limited by the diameter of the Gaussian -shaped ion beam, the full width half maximum (FWHM) lateral resolution, which is equivalent to 2.3548 times the standard deviation, σ , was calculated to be 3.4 µm.
In Figure 1C , we also mapped endogenous species that co-localize with the drug compound, in- 224.1. 33 The co-localization of amiodarone and lipid was expected. Amiodarone is extremely lipophilic (log P oil/water = 6.3). 34 The high propensity of amiodarone to accumulate in lipid-rich regions contributes to its therapeutic properties as well as its adverse side effects. In a cardiac cell, the incorporation of amiodarone into the cell membrane perturbs the properties of the phospholipid bilayer structure and contributes to its antiarrhythmic abilities. 35 Table 1: For the individual cells defined in the ion image in Figure 1C , the percent area of coverage, average amiodarone counts per pixel summed across the depth scale and cell diameters were calculated. The average amiodarone count per pixel was calculated by dividing the backgroundsubtracted intensity of the peak at m/z 646.0 summed over the ROI by the total number of pixels in the selected ROI. Variations in the morphology of the cell and relative cellular amiodarone ion signal intensity was observed throughout the population. Immortalized cell lines are typically considered to have relatively homogeneous properties; however, cell-to-cell variations are expected. The SIMS image was divided into four ROI and the chemical signature was examined for each cell (see Figure 1 D ).
The approximate size and counts per pixel for the signal intensity of amiodarone for each cell is reported in Table 1 . The cells in ROI 3 and 4 are physically attached so the boundary was approximated. The cell in ROI 1 is significantly larger and has relatively more intense amiodarone signal (m/z 646.0) than the other cells in the ion image. The cell is potentially "foamy" and accumulating lipid and drug. The cell in ROI 3 is most likely in the process of division, nuclear material is localized in two regions of the cell and the cell is slightly larger than the cells defined in ROI 2 and 4.
With 3D ToF-SIMS imaging, the distribution of the drug and endogenous species are collected as a function of depth. After the surface of the cells was sputtered away, the drug compound (green) can be seen inside the cell (see Figure 2) . Ion image at selected sputter cycles throughout are displayed in Figure 3 . For clarity, the ion image acquired before the first sputter cycle was not included. The molecular ion peak of amiodarone was detected throughout the cell with the majority of the compound signal observed in the surface and subsurface regions. Although the molecular ion signal intensity diminished with depth, the signal of the molecular ion is still observed at a S/N level above 3 throughout the analysis (see Figure 3 D and Table 2 ). It should be noted that the high surface amiodarone signal intensity is most likely a result of the sample preparation method used in this study and does not reflect an equilibrium state in culture. For more accurate intracellular distributions, cryogenic sample preparation methods are required. Here, for the purposes of showing the efficacy of detecting drug uptake at the single cell level and therapeutic doses, the cells were freeze-dried.
The presence of the drug compound deep inside the cell, as shown in Figure 3 , is clear evidence of cellular uptake. This observation is supported by conventional radio-labeling studies preformed by Stadler and co-workers. 30 Through the systematic inhibition of the endocytotic pathways (i.e.
clathrin-mediated, caveolae-mediated, phagocytosis) studies show that amiodarone does not have a preferred endocytotic pathway, it is internalized through various methods and routes. 30 Unfortunately, since the quantity of the radiation released by radio-isotope is independent of the structure of the tracer molecule, it is impossible to differentiate the drug molecule from its metabolites.
Therefore, the use of radioactive isotopic labels is further complicated by the tracer's potential to change the metabolic pathway and cellular damages from the emission of radio-active beta particles. 36 The direct in situ detection of the drug and its metabolites with SIMS, eliminates the need for isotopic labels.
We evaluated the efficacy of SIMS in the detection of desethylamiodarone, the main metabolite of amiodarone. Amiodarone is metabolized by the cytochrome P450 (CYP450) enzymes, specifically cytochrome P450 isoform CYP3A4 37 and CYP2C8 38 in the liver. Since the cell line does not metabolize amiodarone, the lung macrophages were doped with desethylamiodarone. 37, 39 The metabolite has also been shown to accumulate in lung macrophages and contribute to the toxic effect of the drug. 40 The SIMS image shows the protonated molecule of the metabolite, [(C 23 H 25 I 2 NO 3 )+H] + , which was detected at m/z 618.0 (see Figure 4) . The cellular localization exhibited by the metabolite was similar to its precursor; it was co-localized with the lipid through the cell and absent in the nucleus. In Figure 4A , the cluster of cells in the center of the ion image have a higher count per pixel intensity of the metabolite peak, suggesting accumulation.
High lateral resolution ion image of a cell doped with the amiodarone metabolite, desethylamiodarone, are shown in Figure 5A . In the ion image, the iodine signal, I − , at m/z 127 (green) was found throughout the cell, but was absent in the nuclear regions (red). The distribution was consistent with the high mass resolution experiments for both amiodarone and desthlamiodarone.
In the negative ion mode, adenine (C 5 H 4 N 5 − ) at m/z 134.1 and two phosphate-oxygen fragments,
at m/z 158.9 and NaP 2 O − 6 at m/z 180.9, were used as nuclear markers. The nuclear morphology, elucidated in the 3D isosurface rendering in Figure 5B , provides a clear intercellular interface to measure the image resolution. A linescan across the nucleus-drug interface was fitted with a erf (black) and the FWHM lateral resolution was measured to be 550 nm. In the high lateral resolution imaging mode, the limited ion beam current and long pulse duration reduced the quality of the mass spectral data. As a result, only the iodine in the analyte molecule was present at a sufficient intensity to map its distribution. In present ToF-SIMS instruments, the loss of chemical specificity associated with high lateral resolution imaging experiments prevents its use in animal studies. Since both the drug and metabolite has an iodine group, the two compounds would not be distinguishable when analyzing excised tissue from an animal model. In the NR8383 model system, as previously mentioned, the cell line is unable to metabolize the compound, therefore, we are confident that the iodine signal is from the dosed analyte.
Amiodarone has several advantageous properties that make it ideal for mass spectrometry analyzes, particularly ToF-SIMS. The drug compound has two iodine functional groups. Iodine has the largest mass defect of all the elements; the exact mass of the mono-isotope is 126.9044, 41 which is approximately -753 ppm deviation from the nominal mass. These functional group shift the drug peak to a lower mass-to-charge than the isobaric hydrocarbon-containing species, reducing the potential for spectral interference with endogenous biomolecules. It is also fortunate that this particular drug compound falls within a relatively quiet region of the mass spectrum; clear from the phospholipid region and from sterols and diacylgylcerides species. 33 Also, the tertiary amine in the di-ethylamine moiety, which is reduced to a secondary amine group when metabolized, most likely stabilizes the positively charged species in the gas phase, improving its secondary ion yields compared to the metabolite.
In this case, the chemical features of amiodarone, as described in the supporting information, facilitated the detection and identification of the compound inside the cells. However, this is often not the case. A significant proportion of pharmaceuticals are small organic molecules that fall within congested regions of the mass spectrum and experience isotopic interference. The MALDI community has employed the high mass resolution of FT-based detection schemes to overcome isobaric interference to image drugs in tissues. 42, 43 Efforts are currently underway to incorporate this technology into SIMS instrumentation. 44 New instrumental developments will help to expand the use of SIMS in pharmaceutical applications. Figure 5: A) High lateral resolution ion images of NR8383 macrophage doped with desethylamiodarone in the negative ion mode at 7.8 x 10 13 ions/cm 2 , 1.56 x 10 14 ions/cm 2 , 2.34 x 10 14 ions/cm 2 , and 3.12 x 10 14 ions/cm 2 [row 1 = total ion images, row 2 = I − at m/z 127 (green) and the summed ion contribution of the nuclear-markers at m/z 134, 158.9 and 180.9 (red)] B) 3D isosurface rendering of the doped cell. Iodine, I − , at m/z 127 is mapped in green (opacity = 0.65) and nuclear marker, HP 2 O − 6 , at m/z 158.9 is mapped in red. [isosurface parameters: iso value = 16, median kernel size = 4, images were smoothed with a gauss followed by a median filter.] C) Linescan (line width = 3 image pixels) across the high lateral resolution ion image obtained after an argon sputter dose of 1.95 x 10 14 ion/cm 2 (green = I − signal at m/z 127 and red = summed signal from nuclear markers at m/z 134, 158.9 and 180.9) shows a reduced drug signal in the region with intense nucleus-related signals. The intracellular interface between the nucleus and drug signal was fitted with a error function (erf, black) and the lateral resolution was measured to 550 nm.
